Abstract Objectives We evaluated and compared tumor antigen precursor protein (TAPP) profiles in adult and pediatric brain tumors of 31 genes related to tumor associated antigens (TAA) for possible use in immunotherapy. Antigens were selected based on their potential to stimulate T cell responses against tumors of neuroectodermal origin. Methods Thirty-seven brain tumor specimens from 11 adult and 26 pediatric patients were analyzed by quantitative real-time PCR for the relative expression of 31 TAPP mRNAs. The age range of adults (4F:7M) was 27-77 years (median 51.5 ± 14.5 years) and for pediatrics (12F:14M) was 0.9-19 years (median 8.3 ± 5.5 years). Histological diagnoses consisted of 16 glioblastomas, 4 low grade astrocytomas, 10 juvenile pilocytic astrocytomas, and 7 ependymomas. Results The adult gliomas expressed 94% (29 of 31) of the TAPP mRNAs evaluated compared with pediatric brain tumors that expressed 55-74% of the TAPP mRNAs, dependent on tumor histological subtype. Four types of TAPP expression patterns were observed: (1) equal expression among adult and pediatric cases, (2) greater expression in adult than pediatric cases, (3) expression restricted to adult GBM and (4) a random distribution. The pediatric brain tumors lacked expression of some genes associated with engendering tumor survival, Elizabeth W. Newcomb and Martin R. Jadus contributed equally as senior authors.
Introduction
The most common diagnoses among children (ages 0-19) with brain tumors, in decreasing order of incidence, are juvenile pilocytic astrocytoma (JPA) [ medulloblastoma [ malignant glioma [ and ependymoma [1] . Presently, there is no known cure for low-grade astrocytomas, a heterogeneous group of pediatric tumors including: JPA, fibrillary astrocytomas, oligodendrogliomas and mixed oligo-astrocytomas [2] . Current treatment options for these tumors rely on surgery, chemotherapy and radiotherapy. All of these approaches have limitations due to resectability (i.e., brain stem, optic pathway glioma), dissemination into the surrounding brain, resistance to cytotoxic therapies and complications arising from the treatments, especially with cognitive and other quality of life issues that are faced by both the children and their parents, since long-term survival is common for pediatric low-grade gliomas. Thus, new and novel less invasive approaches are direly needed for pediatric brain tumor patients. Immunotherapy is a potentially safe therapy compared to surgery, chemotherapy and radiotherapy; it offers the possibility of selectively eliminating brain tumor cells while sparing non-malignant cells.
In general, the immunotherapeutic approaches tested for human gliomas have involved small numbers of patients in Phase I trials where safety has been demonstrated and successes have been anecdotal. Treatments have entailed vaccinations with autologous irradiated glioma cells given with immunomodulatory cytokines or with gene-modified fibroblasts secreting cytokines with hopes of achieving sustained local release. The cytokines have included granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin-2 (IL-2), and IL-4 [3] [4] [5] [6] . Genetic engineering of autologous glioma cells to produce immunomodulatory factors, such as antisense TGF-ß, has been attempted but timeliness issues have arisen for preparing the individualized treatments for patients with gliomas [7] .
Cellular therapy with expanded tumor-infiltrating lymphocytes (TILs), suspected to be specifically sensitized in situ to TAA, have been adoptively transferred into the resection cavity of gliomas with promising indications in some patients [8] . Responses have been noted with patients given repeated, intratumoral administrations of allospecific cytotoxic T lymphocytes (CTL) generated to the patient's histocompatibility antigens [9, 10] .
Clinical trials testing combined active and passive immune approaches have been completed. Vaccinations with autologous tumor cells and cytokines were followed by adoptive T cell transfers after ex vivo activation [3, 5] . Importantly, precedence was set for immunotherapy taking a more prominent position and was given to newly diagnosed glioma patients [11] .
Groups have developed dendritic cell (DC) vaccine approaches for treatment of gliomas using either crude tumor cell lysates or acid eluted peptides derived from GBM cell cultures or from surgical specimens [12] [13] [14] [15] . In several patients a CTL response was elicited, while in others, TILs were observed in the resection specimen obtained at relapse. Although some objective responses were observed with increased tumor-free survival, the current adjunctive approaches are not curative. Thus, movement toward testing several modalities involving combinations of chemotherapy coupled with specific TAA peptide-pulsed DC vaccines has occurred [16] . Despite the fact that factors influencing the host immune response are poorly understood at this time, DC vaccination has emerged as a promising type of active immunotherapy. Safety, feasibility, immunological and clinical responses have been demonstrated in a number of small clinical trials treating a total of 123 adult patients with malignant glioma [17] .
One of the limitations for immunotherapy approaches for brain tumors has been the lack of identified TAA that could serve as potential targets. Recently, we profiled 20 human established glioma cell lines and 11 surgical glioblastoma specimens for 16 TAPP mRNAs that could potentially be used for brain tumor immunotherapy [18] . The frequencies of TAPP gene expression correlated well between the cell lines and the tumor specimens. In the present study, we extensively profiled 31 TAPP mRNAs using 11 adult gliomas and 26 pediatric brain tumors in order to identify potential target antigens for use in T-cell based or DC plus peptide-based vaccine immunotherapeutic approaches for four different histological types of human brain tumors.
Materials and methods

Tissue samples
A total of 37 brain tumors were evaluated for tumor associated precursor protein (TAPP) mRNA expression. The tumors were classified according to the World Health Organization (WHO) criteria [19] , except the presence of necrosis was required for a diagnosis of glioblastoma. Freshly resected surgical specimens were snap-frozen and kept at -80°C until use. For this study, the adult brain tumor specimens, collected between 1986 and 1998, were obtained at the University of Colorado Health Sciences Center (Denver, CO; provided by C.K.). The pediatric brain tumor specimens, collected between 1993 and 2007, were obtained at New York University School of Medicine (NY, NY; provided by D.Z. and E.W.N.). All tumor samples were collected under IRB-approved protocols. For the analysis, 30 astrocytic samples were used, including 11 adult glioblastoma multiforme (GBM), 5 pediatric GBM, 4 low-grade fibrillary astrocytomas (LGA), and 10 juvenile pilocytic astrocytomas (JPA). Seven non-astrocytic tumors were used in this study consisting of 7 ependymomas (EPEN). Table 1 summarizes the clinicopathological data for tumor subtype, patient age, and gender. For the 11 adult cases, 4 were females and 7 were males, who ranged in age from 27 to 77 years old (median age of 51.1 ± 14.5 years). For the 26 pediatric cases, 12 were females and 14 were males, who ranged in age from 11 months to 19 years old (median age of 8.3 ± 5.5 years).
Tumor antigen selection
We selected the tumor antigens used in this study based on three criteria. First, the TAPPs were originally reported to be expressed by gliomas derived from adult patients. Second, human immune responses against these tumor antigens have been detected either against human gliomas or against other human cancers. Third, quantitative realtime PCR (qRT-PCR) primers could be designed that produced 80-100 base paired amplicons that do not form primer-dimer complexes and specifically detect only the putative antigen. Previously, we reported 16 TAPPs that were grouped as follows: (1) ''melanoma/glioma'' specific; i.e., melanoma Glycoprotein-100 (GP100 also called Pmel 17), Antigen Isolated from Immunoselected Melanoma-2 (Aim-2), Tyrosinase Related Protein-1 (Trp-1), Tyrosinase Related Protein-2 (Trp-2), Tyrosinase, Melanoma Antigen-1 (Mage-1), Melanoma Antigen Recognized by T cells-1 (Mart-1 also known as Melan-A), Gage-1; (2) growth factor receptors i.e. EphA2, interleukin-13 receptor a2 (IL13Ra2), and Her2/Neu; (3) survival/growth dependent factors; i.e., B-cyclin, Telomerase Reverse Transcriptase (hTert), Survivin or (4) other antigens like b1,6-Nacetylglucosaminyltransferase-V (GnT-V) or Squamous cell carcinoma Antigen Recognized by T cells-1 (Sart-1) [18] .
For this study, we have included 15 additional TAPPs for the profiling analysis: Antigen Recognized by T cells-1 and -4 (Art-1, Art-4, respectively), polycomb group protein Enhancer of Zeste Homologue 2 (Ezh2), Fos Related Antigen-1 (Fra-1, also known as Fosl1), UDPGal: betaGlcNAc beta1, 3-galactosyltransferase, polypeptide 3 (Galt-3), Heterogeneous Nuclear Ribonucleoprotein L (HNRPL), Multidrug Resistance Protein-3 (MRP-3), Preferentially expressed Antigen in Melanoma (PRAME), ParaThyroid Hormone-Related Table) . Samples were run in duplicate, and a reaction without cDNA established a baseline fluorescence level with 18S RNA. The fluorescent signal was plotted versus cycle number. The threshold cycle (C T ) was defined as the cycle number where the fluorescence signal could be reliably detected above background fluorescence. Each PCR run also included non-template controls containing all reagents except cDNA. After cycling, a melting curve was produced by slow denaturation of the PCR end products to validate the specificity of amplification. The relative quantification of expression of any given gene was determined by 2 -DCT as described [20] . The mRNA expression was considered a strongly positive signal when the DC T value was between 6 and 14, a moderately positive signal when the DC T score was between 15 and 20, a weakly positive signal when the DC T score was between 21 and 24, and a negative signal when the DC T score was [24. To statistically analyze the data, an arbitrary DC T score of 25 was assigned to specimens where a signal for the TAPP was not detected. Based on our previous experience with qRT-PCR, a cut off point of 24 was set for the DC T value as one that was biologically relevant. Cell lines having an mRNA score below this value routinely lacked protein for a given gene detected by antibody-based methods [18] . Data from each tumor sample was grouped according to the tumor types and plotted.
Statistical analysis
Statistical differences between the different groups were evaluated by a Student's t test. Values less than P \ 0.05 were considered statistically significant.
Results
TAPP mRNA expression patterns among the adult and pediatric brain tumors
We evaluated TAPP mRNA profiles for 31 genes in 11 adult GBM and 26 pediatric brain tumors using qRT-PCR. Patient data in Table 1 show the pediatric cases consisted of 19 astrocytic tumors (5 GBM, 4 LGA, 10 JPA) and 7 non-astrocytic tumors (ependymomas). The patient ages ranged from 27 to 77 years for adult GBM, 2-19 years for pediatric GBM, 2-6 years for LGA, 3-18 years for JPA, and 11 months to 11 years for ependymomas. Table 2 summarizes the TAPP mRNA data for each tumor type studied. Figures 1-4 show the relative TAPP mRNA expression for each tumor sample, grouped by tumor type and organized by one of four different expression patterns.
Four types of TAPP expression patterns were observed: (1) equal expression among adult and pediatric cases ( Fig. 1) , (2) greater expression in adult compared with pediatric cases (Fig. 2) , (3) expression restricted to adult GBM (Fig. 3) , and (4) a random distribution (Fig. 4) .
In group 1 (Fig. 1) , the relative amounts of the TAPP mRNAs for nine genes was statistically equal by quantitative real time PCR across all tumor types. The genes HNRPL and YKL-40 showed strong expression in all the brain tumors, except the ependymomas where they were moderately expressed. The genes Art-1, Fosl1, EphA2, Sox 11, Ube2V showed moderate levels of expression across all brain tumor types. The gene IL13Ra2 showed weak expression in all tumors except pediatric LGA, while the Trp-2 gene was weakly expressed across all tumor types.
In group 2 ( Fig. 2) , the relative amounts of the TAPP mRNAs was significantly greater, in general, in the adult GBM compared with the pediatric brain tumors (P \ 0.05). Adult GBM showed strong expression for nine genes including B-cyclin, Ezh2, GnT-V, Her2/Neu, MRP-3, Sart-1, -2, -3 and Whsc2. Expression of the same genes was moderate or weak in the pediatric brain tumors.
In group 3 (Fig. 3) , the relative amounts of the TAPP mRNAs showed strong to moderate expression in adult GBM compared with weak to no expression in the majority of the pediatric brain tumors. The difference in the relative amounts of the TAPP mRNAs was significant (P \ 0.05). The nine genes included in this group were Aim-2, Art-4, Mage-1, Galt-3, PTH-rP, Trp-1, hTert, Survivin, and Tyrosinase. Finally, group four (Fig. 4) had a variable gene expression pattern for GP100, PRAME, Gage-1 and Mart-1 that was distinct from the other gene expression patterns.
TAPP mRNA expression in adult GBM
The adult GBM (N = 11) expressed 94% (29 of 31) of the TAPP mRNAs evaluated. The mRNA expression was including GP100, PTH-rP, Aim-2, PRAME, Mage-1, Art-4, Gage-1, Galt-3, Mart-1, Sart-2, Survivin, hTert, Tyrosinase, Trp-1.
Discussion
One aim of this study was to conduct comparative TAPP gene profiling between adult and pediatric brain tumors to identify potential new and novel target antigens for developing possible cytotoxic T cell-based therapies or peptide-based dendritic cell vaccine immunotherapeutic approaches against brain tumors. We describe the relative expression of mRNAs encoding 31 TAAs using qRT-PCR on a large series of 37 brain tumor patients because they are expressed in gliomas derived from adult patients [18, 21, 22] . The correlation between mRNA expression detected by qRT-PCR and protein expression detected by immunohistochemistry of formaldehyde-fixed paraffinembedded tumor samples was high. For example, detection of Trp-2 mRNA above the threshold level was noted in 17% (8 of 47) of adult GBMs where 88% (7 of 8) of the cases demonstrated Trp-2 protein expression [21] . In this study, 96% (25 of 26) of the pediatric brain tumor cases were positive for Trp-2 mRNA expression and 100% (9 of 9) of the formaldehyde-fixed paraffin-embedded tumor samples that could be retrieved stained positive for Trp-2 protein expression (data not shown).
Previously, we reported on 16 TAPP mRNAs expressed in adult GBM grouped according to type/function: (1) ''melanoma/glioma'' specific antigens (Aim-2, GP100, Gage-1, Mage-1, Mart-1, Trp-1, Trp-2 and Tyrosinase); (2) growth factor receptors (EphA2, Her2/neu, IL13Ra2); (3) survival/growth dependent factors (B-cyclin, hTert and Survivin), and (4) other (GnT-V, Sart-1) [18] . Among the 8 Ped JPA n=10 Ped EPEN n=7 Fig. 4 TAPP expression with a random pattern among adult and pediatric brain tumors. The amount of GP100, Gage-1, Mart-1 and PRAME mRNA is presented as a DC t value (left y-axis) and the fold difference (right y-axis). Due to limited amounts of either RNA or cDNA, only 9 adult GBM were evaluated for PRAME, whereas all other TAPPs were evaluated from 11 adult GBM melanoma/glioma antigens surveyed in the 37 adult and pediatric brain tumors, only Trp-2 was expressed on 100% (31 of 31) of the specimens, albeit weakly (values of 21.0-21.4). In general, the adult GBM expressed 75% (6 of 8) of the melanoma/glioma antigens (Aim-2, GP100, Mage-1, Trp-1, Trp-2 and Tyrosinase) with frequencies ranging from 82 to 100%. No expression was detected for Gage-1 or Mart-1. In contrast, the pediatric brain tumors expressed only 38% (3 of 8) of the antigens (Aim-2, GP100, and Mage-1) with frequencies ranging from 35%, 46% and 19%, respectively. The antigens Gage-1, Trp-1 and Tyrosinase were found in 4% (1 of 26) of the cases, and Mart-1 was not detected. The melanoma associated antigen PRAME showed a low frequency of 27% in both the adult (3 of 11) and pediatric (7 of 26) cases and weak levels of expression.
The growth factor receptors EphA2, Her2/Neu, and IL13Ra2 were all expressed in the adult and pediatric brain tumors but with different frequencies and with different levels of mRNA expression. In adult GBM, 91% (10 of 11) of the cases co-expressed all three TAPP mRNAs with strong to moderate expression (values of 15.9, 14.4, 20.1, respectively). In pediatric brain tumors, 54% (14 of 26) coexpressed all three growth factor receptors. The EphA2 receptor showed the highest frequency of 96% (25 of 26), followed by IL13Ra2 with a frequency of 58% (15/26) and finally Her2/Neu with a frequency of 54% (14 of 26). The LGA samples showed moderate expression of the growth factor receptors (values of 18.9, 19, 16.9, respectively) compared with weak expression in pediatric GBM, JPA and ependymomas (values ranging from 20.0 to 23.6).
Another striking difference between adult GBM and pediatric brain tumors was the differential expression of some of the survival/growth dependent factors. B-cyclin is required for progression of the cell through the G 2 /M stage of the cell cycle; B-cyclin can be viewed as a marker for cell growth and a measure of tumor aggressiveness. Although 97% (36 of 37) of all brain tumors expressed Bcyclin, the levels expressed in the adult GBM were much stronger (value of 14.6) compared with moderate to weak levels of expression observed in the pediatric cases (values of 19.9-22.7).
Telomerase maintains the length of telomeres, repetitive DNA sequences located at the ends of chromosomes [23] . Previous studies of adult gliomas detected high levels of telomerase activity in 50% (21 of 42) of the tumors that correlated well with hTert mRNA levels and a worse prognosis [24] . In this study, 100% (11 of 11) of the adult GBM showed moderate levels of hTert expression (value of 15.7), whereas 15% (4 of 26) of the pediatric samples showed weak to no expression (values of 20.0 to [24.0).
Survivin inhibits apoptosis and is found expressed in a wide variety of cancers, including adult glioma where it has been associated with the grade of malignancy and prognosis [25, 26] . In this study, 100% (11 of 11) of the adult GBM showed moderate levels of Survivin expression (value of 16.9) compared with only 4% (1 of 26) of the pediatric tumors. To our knowledge, this is the first report of Survivin expression in pediatric CNS tumors of GBM, LGA, JPA and ependymoma histologies. Previous studies have documented high expression of Survivin in other pediatric CNS tumors, including neuroblastomas and medulloblastomas that were correlated with poor outcome, similar to adult GBM [27] [28] [29] [30] .
We also evaluated an additional 15 TAPP mRNAs for the first time in adult and pediatric brain to determine potential therapeutic targets. Among these TAPP mRNAs, HNRPL and YKL-40, showed strong expression in 100% (31 of 31) and 97% (30 of 31), respectively, of the brain tumor cases studied. HNRPL is a member of the heterogeneous nuclear ribonucleoprotein (HNRP) family of abundantly expressed nuclear proteins that regulate premRNA processing and splicing [31] . HNRPL has been shown to regulate the stability of vascular endothelial growth factor (VEGF) mRNA [32] . Under hypoxic conditions, expression of HNRPL was increased in both the nucleus and the cytoplasmic compartments, thereby increasing the stability of the VEGF mRNA and elevating the levels of VEGF expression. VEGF is a well-known angiogenic factor for gliomas driving its malignancy and thus a target for anti-angiogenic therapies [33, 34] . We hypothesize that increased levels of HNRPL mRNA detected in all histological subtypes of brain tumors may be associated with hypoxia and/or hypoxic stress of the tumor cells within the tumor microenvironment.
YKL-40 has been identified as a potential biomarker detectable in the serum from patients with a variety of cancers, including glioma [35, 36] . Although its biological function remains unknown, YKL-40 is thought to play a role in proliferation and differentiation of malignant cells and stimulates angiogenesis and extracellular tissue remodeling. In this study, YKL-40 was consistently detected in all brain tumor types. The adult and pediatric GBMs and pediatric LGA and JPA expressed significantly more mRNA compared with ependymomas (P \ 0.05). Our results for JPA differ from a study of pilocytic astrocytoma where Suppression Subtractive Hybridization was used to identify genes differentially expressed between these two types of tumors [37] . Using this method, YKL-40 was found expressed in adult GBM but not in pediatric astrocytoma.
Among the adult GBM an additional 9 TAPP mRNAs were detected with 100% frequency and showed strong (Ezh2, Galt-3, Sart-2, Sart-3, Whsc2) or moderate (Art-4, Fosl1, Sox 11, Ube2V) levels of expression. Similarly among the pediatric brain tumors 5 TAPP mRNAs were detected with 85-100% frequency and moderate levels of expression (Art-1, Ezh2, Fosl1, Sox 11, Ube2V). Table 3 summarizes potential TAA that could be considered for immunotherapy approaches. From these data, one can conclude that adult GBM express a much wider variety of antigens compared with the more restricted profile of antigens detected in the pediatric brain tumors. However, despite this difference it is important to note that there are 8 TAPP genes found in common among the adult and pediatric astrocytic tumors that are expressed at moderate to strong levels, including Art-1, EphA2, Fosl1, HNRPL, MRP-3, Sox 11, Ube2V and YKL-40.
In summary, for immunotherapy, the identification of potential TAAs remains a high priority. This study comparing TAPP mRNA profiles of 31 genes between adult and pediatric brain tumors has identified several new potential target antigens for developing T cell-based adoptive immunotherapy or peptide-based dendritic cell vaccination approaches against brain tumors. Additionally, the description of the antigenic makeup of the various histological types of tumors that differ by grade should further our understanding of brain tumorigenesis.
